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Introduction
Chlorogenic acids (CGAs), particularly di-O-caffeoylquinic acid analogs, are emerging nutraceuticals found in herbal remedies, such as Kuding tea (Ilex latifolia) (Wang et al., 2008) and Zhizi (Gardeniae fructus) (Clifford et al., 2010) , which are used in disorders such as obesity, diabetes and cancer. In the European diet, coffee is a predominant source of CGAs (Clifford, 2000) and the exact composition of CGAs is dependent upon the species, processing (decaffeination) and roasting conditions. Instant coffee beverages are widely consumed and a single 2g/ 200 ml cup may supply up to 220 mg CGAs (Clifford, 2000) in the form of caffeoylquinic acids (CQAs), feruloylquinic acids (FQAs), p-coumaroylquinic acids (p-CoQAs), caffeoylquinic acid lactones (CQAL) and di-O-caffeoylquinic acids (diCQAs).
A growing number of epidemiological studies indicate an association between habitual coffee consumption and reduced risk of type 2 diabetes (van Dam and Hu, 2005) . Blood glucose and insulin levels have been shown to be higher following ingestion of caffeine compared to caffeinated filter coffee (Battram et al., 2006) and decaffeinated coffee decreased blood glucose response by 50 % compared to ingestion of dextrose (Battram et al., 2006) . A resolution to this apparent conflict may be attributed to the non-caffeine content of coffee, of which a major component is 5-O-CQA. There are several proposed mechanisms that may explain the beneficial effects of coffee in type 2 diabetes, such as reduced oxidative stress (Pietraforte et al., 2006) , improved
• NO availability (Rocha et al., 2009 ) and inhibition of inflammatory factors (Chu et al., 2011) . Coffee contains many potentially bioactive compounds and there is growing evidence that CGAs and hydroxycinnamic acid derivatives may play an important role in glucose metabolism through modulation of glucose absorption (Johnston et al., 2003) , insulin sensitivity (Muthusamy et al., 2010) , and inhibition of glycogenolysis (Andrade-Cetto and Vazquez, 2010; Henry-Vitrac et al., 2010) . Despite the potential pharmacological effects of CGAs, there is limited knowledge concerning bioavailability and the mechanism of gastrointestinal absorption. Gastric absorption may explain the early appearance of certain CQAs and hydroxycinnamic acids (HCAs), mainly in the form of sulfated or glucuronide conjugates of caffeic acid and ferulic acid, in human plasma after consumption of coffee (Stalmach et al., 2009; Nagy et al., 2011) . Furthermore, investigation of CGA absorption in the ligated stomach of rats demonstrated rapid absorption of intact 5-O-CQA (Lafay et al., 2006) and of free hydroxycinnamic acids (Konishi et al., 2006) . The stomach could be an important site for absorption of pharmacologically active compounds from coffee and yet our understanding of the transport mechanisms and extent of metabolism for the CGAs is limited. This article has not been copyedited and formatted. The final version may differ from this version. 
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The purpose of this investigation was to explore the gastric permeability and transport mechanisms of a series of CGAs present in coffee using an in vitro guinea-pig stomach cell model an acidic apical pH (Kavvada et al., 2005) and identify potential metabolites of CGA biotransformation. For the first time, evidence for the gastric absorption of FQAs and diCQAs is presented. We propose a metabolic pathway involving release of new HCA metabolites, which were previously unidentified as biomarkers of CGA biotransformation by gastric epithelial cells.
This article has not been copyedited and formatted. The final version may differ from this version. Baron, Nestlé Research Center, Switzerland. All compounds were at least 94% pure (Fumeaux et al., 2010) and presented data have been corrected for purity.
Gastric cell culture
It was necessary to coat Transwell ® inserts before seeding the gastric cells in order to achieve apical polarized secretion of mucin and acidity resistance (Kavvada et al., 2005) . In brief, Transwell ® inserts were incubated for 6 h at 37 °C with 0.1 mg/ml of collagen IV from human placenta (0.5 ml in the Transwell ® and 1.5 ml in the receiving compartment). Transwell ® inserts were subsequently dried overnight under UV illumination at room temperature and incubated for 1 h with RPMI 1640 culture medium before use.
Cell isolation was performed based on previously reported methodology (Ashton and Hanson, 2002) and the procedure was approved by the Aston University Bioethics Committee (Kavvada et al., 2006 7 culture medium was supplemented with 10% fetal calf serum, 100 units/ml penicillin, 100 µg/ml streptomycin, 2.5 µg/ml of amphotericin B and 10 ng/ml epidermal growth factor. Cells were cultured (0.5 ml of RPMI culture medium in the apical compartment and 1.5 ml in the basal compartment) at 37°C in a humidified 5% CO 2 atmosphere and the culture medium was changed at 24 h and 48 h. At 72 h the cells were fully confluent and experiments were initiated at this time.
Caco-2 cell culture
The human colon adenocarcinoma cell line, Caco-2 (HTB-37), was obtained from American Type Culture
Collection at passage 18 (LGC Promochem, Middlesex, UK). Transport experiments utilized Caco-2 cells between passages 30 and 55. Caco-2 cells were seeded on Transwell ® inserts at a density 6 x 10 4 cells/cm 2 and cultured for 21 d at 37°C under a humidified 5% CO 2 atmosphere. DMEM culture medium was supplemented with 10 % FBS, 584 mg/l L-glutamine, 100 U/ml penicillin-streptomycin, 1% (v/v) minimum essential medium and 0.25 µg/ml amphotericin B and the medium (0.5 ml apical, 1.5 ml basal) was replaced every other day.
Apical transport solution
The coffee used in this investigation was Nescafé original decaffeinated instant coffee. In brief, coffee (9 mg/ml, 18 mg/ml or 27 mg/ml) was prepared in Hank's balanced salts solution (HBSS), a sufficient volume was adjusted to pH 3 or pH 7.4 with HCl (10 M) and centrifuged at 17,000g for 5 min to remove particulate matter.
The resulting supernatants were used as a source of CGAs at 3 differing strengths and formed the apical transport solution in the described cell experiments.
Gastric transport experiments
Gastric transport studies were performed using confluent gastric monolayers. Experiments were initiated by measurement of trans-epithelial electrical resistance (TEER) using a voltohmmeter (EVOM ™ , World Precision Instruments, Herefordshire, UK) with the apical and basal RPMI culture medium in place. Culture medium was removed from the apical and basal compartments; the monolayers were carefully washed 3 times with 0.5 ml of HBSS (pH 3) and the inserts transferred to a fresh Transwell ® plate. The basal medium in all experiments was 1.5 ml of RPMI culture medium (pH 7.4). To investigate the concentration dependent transport, apical transport solution was freshly prepared at 3 different strengths as described (section 5.4) and the relevant concentration was added (0.5 ml) to the apical compartment (n = 6 per concentration Permeation was monitored by removal of a volume (100 µl) of RPMI medium from the basal compartment, at 10, 20, 30 and 40 min, after each time sample the volume was replaced using fresh RPMI medium. At 40 min TEER measurements were repeated and then an aliquot of the apical (300 µl) and basal (900 µl) solution was collected, acetic acid was added to obtain a final concentration of 10 mM and samples stored at -80°C.
Permeation data were determined only for monolayers with a final resistance above 1000
Presented TEER values were corrected for the polycarbonate insert resistance, and are the mean final resistance ±SD (n = 3).
To study the effect of the apical transport solution on cell viability the Transwell ® inserts containing gastric monolayers were carefully aspirated, MTT solution (HBSS, 0.5 mg/ml MTT) was added to the insert, fresh RPMI culture medium was added to the basal compartment and the Transwell ® plates were incubated for 2 h at 37°C on a gently tilting hybridization platform. At 2 h the apical and basal solutions were removed and the MTT was extracted (12 h) in 50% isopropanol, which was acidified with HCl to achieve a final concentration of 20 mM. At 12 h the absorbance was measured at 570 nm using a spectrophotometer.
Caco-2 transport experiments
On or after 22 d, transport studies were initiated by replacement of DMEM culture medium with 2 ml of HBSS modified with 1.8 mM calcium chloride (pH 7.4) in the apical and basal compartments. Plates were incubated at 37 °C in a humidified 5% CO 2 atmosphere for 15 min to allow equilibration of tight junction integrity. Apical and basal solutions were carefully aspirated and apical transport solution was added to the apical compartment (0.5 ml), all basal solutions (1.5 ml) were HBSS (pH 7.4) modified with 1.8 mM calcium chloride. Time-course permeability experiments were performed as described (section 5.5) using a 18 mg/ml coffee solution containing 1656 ±74 nmol total CGAs to investigate intestinal permeability coefficients (P app ).
Transport experiments were performed in the absence (pH 7.4/ 7.4) of a pH gradient and pH measurements were recorded on the apical transport solution and basal receiver following the required incubation period.
This article has not been copyedited and formatted. The final version may differ from this version. 
Deproteination of cell culture solutions
Apical transport solution and basal receiver fluid were defrosted and each apical or basal solution (46 µl) was combined with 6.4 µl of 50% aqueous formic acid, ascorbic acid (final concentration 1 mM) and sinapic acid (final concentration 9 µM) as an internal standard. To the mixture, 112.5 µl of acetonitrile was added dropwise to precipitate proteins and the samples were vortexed for 60 s every 1 min for a 4 min period before centrifugation at 17,000g for 5 min. The supernatant (100 µl) was removed and dried under centrifugal evaporation (Genevac EZ-2 plus, Suffolk, UK).
HPLC-DAD-MS analysis of coffee and cell culture solutions
Briefly, dried samples were reconstituted (50 MS operating conditions were optimized for each individual CGA, HCAs and HCA conjugates obtaining a specific fragmentor and collision energy (supplemental Table 1 ). Optimization for certain CGAs was performed using coffee solution as a source of CGAs due to an absence of available standards. CGAs, dimethoxycinnamoylquinic acids (DQAs), and HCAs were detected using multiple reaction monitoring (MRM) mode based on retention time (R t ) of authentic standards or distinct MS 2 fragment patterns (Clifford et al., 2006) and quantified based on the major MS 2 product ion (base peak) using calibration curves for the corresponding authentic CGA and hydroxycinnamic acid standards. CQAL, caffeoylferuloylquinic acids (CFQAs) and DQAs were quantified based on the CQA, diCQAs of the relevant di-acyl isomer, and 3,4-dimethoxycinnamic acid (dimethoxycinnamic acid) respectively. An analytical response factor was determined and used to correct the quantification of DQAs. Recovery experiments described below were performed and used as a correction factor in the quantification of CGAs and HCAs.
Permeability Calculations
Permeability though gastric epithelium and Caco-2 monolayers were calculated from the following equation, where V D = apical donor volume (cm 3 ), A = membrane surface area (cm 2 ),
1 1 (Hubatsch et al., 2007) . Therefore, sampling intervals in this study (10, 20, 30, 40 min) were selected to accommodate passive and active transport characteristics. For most compounds, the Δ M R was measured as the amount of compound accumulated at the end of the 40 min or for rapidly permeated compounds before more than 10% of the compound had permeated to the basal receiver compartment and thus sink conditions were preserved. In the case of the diCQAs, P app values were calculated at an earlier time interval (10 min).
Mass balance, defined as the sum of the amount of compound recovered in the apical and basal compartments at the end of the transport experiment as a percentage of the initial apical donor amount, was calculated using the following equation,
where M D and M R are the amounts in the apical donor and basal receiver compartment (mol) at the start (0) and end (fin) of the experiment, and M s(t) is the amount withdrawn in samples removed at time intervals (t).
Statistics
Analysis of variance was used to confirm statistical difference in samples under different cell experiment conditions and is a test of whether the means of two or more groups are equal. Shilpro-Wilk and Levene's test were performed to confirm the normality of the data and the equality of variances respectively. The mean difference was statistically significant at the 5% level. Linear dependence of transport behavior was investigated by analysis of the coefficient of determination (R 2 ) and confirmed by Pearson's correlation coefficient, which was significance at the 5% level (PASW statistics. 17).
Results
Coffee Composition
A profile of the main CGAs present in the instant coffee solution was determined by HPLC-MS 2 and the structures of selected compounds are presented in Fig. 1 . A typical low concentration (9 mg/ml) coffee solution contained a variety of CGAs: CQAs predominated with 60%, FQAs at 15%, CQAL at 9%, diCQAs at 7% and DQAs at 0.2% of the total CGA content (Table 1) . Furthermore, small amounts of caffeoylferuloylquinic acids, p-CoQAs and free HCAs were also detected. Total amount of CGAs in 0.5 ml of 9 mg/ml, 18 mg/ml and 27 mg/ml coffee solutions used in the cell experiments were 690 ± 29 nmol, 1445 ± 56 nmol, and 2046 ± 36 nmol respectively.
Recovery of chlorogenic acids
The stability of CGAs and free HCAs at 37 °C was assessed after 2 h incubation in the absence of cells (Table 1 ). All classes of CGAs were recovered from both apical (coffee at pH 3) and basal (HBSS at pH 7.4) 
Apical pH and monolayer integrity
We established the stability of the apical pH and gastric epithelium TEER in the presence of the tested coffee concentrations. Apical pH and TEER were recorded before initiation of the transport experiment and after incubation for 40 min. The mean final TEER value for cells incubated with 9 mg/ml, 18 mg/ml and 27 mg/ml were 1124 ±272, 1374 ±322 and 1146 ±112 1 3 mitochondrial reductase activity was observed compared to control (HBSS pH 3) after incubation with 18 mg/ml and 27 mg/ml coffee solutions (p<0.001).
Absorption of CQAs, CQAL and FQAs
We examined the apical to basal transport of mono-acyl CQAs, as found in the coffee solution, by confluent guinea-pig epithelial monolayers at apical pH 3 and basal receiver pH 7.4 during 40 min incubation. Samples were analyzed after de-proteination without any sulfatase or β-glucuronidase treatment. A typical chromatogram for the basal receiver compartment CGA composition is presented in Fig. 2 for coffee solution containing 1445 nmol total CGAs. All 3 isomers of CQAs and 2 isomers of CQALs were transported intact by the gastric epithelial cells (Table 2 ). Smaller amounts of each FQA isomer were also observed in the basal receiver compartment. Investigation of the apical to basal permeability coefficient (P app ) revealed that the rate of uptake is slow for these medium sized and relatively hydrophilic compounds. 
Absorption of diCQAs
Significant amounts of intact 3,4-diCQA, 3,5-diCQA, and 4,5-diCQA were transported to the basal receiver compartment (Table 2) relative to the amount in the coffee solution. The apical to basal transfer of 3,4-diCQA, as a representative compound, was monitored at regular time intervals, and the largest amount of compound was detected in the basal compartment at 10 min followed by a gradual decline in the basal amount, which was statistically significant (p < 0.01) at 40 min (Fig. 3) . The disappearance of compound was not associated with This article has not been copyedited and formatted. The final version may differ from this version. Table 3 ) and may be suggestive of interference due to efflux processes. Furthermore, the concentration dependent transport was saturable over the tested range (50 µM to 150 µM) (Fig. 4) .
Due to the relatively high lipophilicity of the diCQAs, it was of interest to determine the contribution of membrane permeability to bioavailability. P app values were determined at the 10 min time point where the rate of transport was most rapid, and provides an estimate of permeation prior to major interference by efflux transporters ( Table 2 ). The P app values indicated that the rate of absorption across the gastric epithelium was rapid and uptake is substantially higher compared with CQAs, for example 3,4-diCQA and 4-O-CQA where P app 2.06 ±0.75 and 0.15 ±0.01 respectively. Furthermore, permeability at apical pH 3 was found to correlate with lipophilicity (R 2 0.89), which was confirmed by a Pearson's correlation coefficient > 0.99, significant at the 1% level (Fig. 5 ).
Comparative permeation across gastric and intestinal epithelium
Using cultured gastric epithelial monolayers and differentiated Caco-2 monolayers as models of the gastric and intestinal environments, we compared the relative order of epithelial permeability, which was similar in both systems (Table 2) . Typically, permeability in both systems was slow for CQAs and FQAs, with moderate permeability for diCQA. One exception, interestingly, was that 3,5-diCQA is preferentially transported by gastric epithelium and yet none was detected in the basal receiver compartment of the Caco-2 intestinal model.
Metabolism of CGAs by gastric monolayers
The capacity of gastric epithelial cells to metabolize CGAs was investigated by HPLC-MS 2 analysis of samples after deproteination without enzyme deconjugation. Samples were taken after a 40 min incubation with coffee solution containing 1445 nmol total CGAs in the presence or absence of gastric epithelial monolayers and assessed for products of conjugation or metabolism. As can be seen in Table 3 , there was no change in total CGAs detected in samples following incubation with gastric monolayers compared to control. Coffee solution incubated in the absence of cells contained some free HCAs. In comparison, after incubation with gastric monolayers there was a statistically significant increase in concentration of isoferulic acid, dimethoxycinnamic acid and ferulic acid supported by increased mass balance recovery (Table 3) 
Discussion
The purpose of this study was to investigate the absorption and metabolic fate of a series of CGAs in an in vitro gastric epithelial model at low apical pH. For the first time feruloylquinic acids and (di) caffeoylquinic acid analogs are shown to permeate across the gastric barrier as intact compounds. Examination of the apical to basal transport revealed differential permeability for different classes of CGAs (Table 3 ). The permeability coefficient (P app ) was higher for 3,4-diCQA compared with 3-O-CQA and the difference in permeability correlated with lipophilicity at pH 3. Membrane partitioning appears to be a limiting factor for hydrophilic CGAs, which are most likely transferred via the paracellular route (Farrell et al., unpublished) . Transport of most CQAs, FQAs and CQALs in the apical to basal direction was linear and was not saturated at the highest concentrations we could achieve. These results suggest that transport across the gastric epithelium is mainly by passive diffusion. However, we speculated the involvement of a facilitated transport component in the case of 4-O-CQA and 4-O-FQA, which were shown to have higher P app than the 5-acyl analogs.
Structure-dependent selectivity and observed saturable concentration dependence of the 4-acyl CGAs are general characteristics of carrier mediated transport (Sugano et al., 2010) . A recent investigation of the MCT1 expression in rat gastrointestinal tissues revealed that expression is up-regulated in the gastric epithelium of rats fed on diet supplemented with 2.5% pectin compared to rats fed a fiber-free diet (Kirat et al., 2009 ). The Dunkin-Hartley guinea pigs used in this study were fed on a diet containing 2.9% pectin. It may be possible that MCT transporters are expressed in the guinea pig gastric mucosa. 5-O-CQA has been proposed as a poor substrate for a mono-carboxylic acid transporter (MCT) (Konishi and Kobayashi, 2004) which may explain the absence of a saturation of concentration dependent uptake. Alternatively 4-O-FQA may be a better substrate for MCT and/or may interact with bilitranslocase, an anthocyanin transporter located in the gastric epithelium (Passamonti et al., 2002) . These potential transport interactions may explain the apparent saturation of transport for some CGAs. However, further investigation using individual CGAs and cell models with over-expression of MCT transporters is required to validate this hypothesis.
Transport of diCQAs was distinctly non-linear with respect to time and concentration dependence, which was not associated with insolubility or membrane binding. Permeation of diCQAs was found to decline over the incubation period, which may be due to the impact of efflux processes on bioavailability as observed in our later work (Farrell et al., unpublished) . In order to isolate the contribution of membrane permeability on bioavailability, the P app values were calculated at an early time point (10 min) to reflect the genuine membrane permeability. We observed rapid absorption (P app 9.8 ±1.07) of 3,5-diCQA in gastric cells and yet none could be This article has not been copyedited and formatted. The final version may differ from this version. detected in the basal compartment after incubation with Caco-2 monolayers under similar transport conditions.
The reduced uptake of diCQAs in the Caco-2 intestinal model may, in part, be attributed to the impact of pH on the proportion of uncharged compound in the latter model, as described by the pH-partition theory and the observation in this study of a lower Log D value (less lipophilic) at pH 7.4 compared to pH 3.
The non-linearity of 3,5-diCQA transport and tissue specificity could be suggestive of an active (efflux) component and a candidate for this function is P-glycoprotein. Differential absorption in the two models may be explained by differing expression of P-glycoprotein, which occurs at high levels in the intestine and Caco-2 cell lines, and at low levels in the stomach of rodents and man (Chan et al., 2004; Hall et al., 1995) . The physiology and functionality of the two in vitro systems are similar to the human gastrointestinal barrier; however caution should be taken when making direct comparisons between the two models and with human tissues since differences in membrane composition and gene expression, and thus transport mechanism, may differ from in vivo. However, the results are in agreement with absorption studies in man, which exhibited a marked decrease in the amount of cyclosporine A, a P-glycoprotein substrate, in plasma following oral gavage of 150 mg solution in to sites along the gastrointestinal tract. Uptake was shown to decrease from stomach >jejunum> colon and the results correlated with an increase in expression of mRNA for P-glycoprotein from stomach< jejunum <colon (Fricker et al., 1996) .
Validation of monolayer integrity was confirmed in all experiments by trans-epithelial resistance, which was comparable to intact gastric mucosa and increased upon apical acidification (Kavvada et al., 2006) , a clear indication of membrane stability. Furthermore, MTT data performed on cell monolayers incubated in the presence of coffee solution (pH 3) indicate good cell viability (>100%) compared to the control (HBSS, pH 3).
The significant increase in viability at higher coffee concentrations may be attributed to enhanced mitochondrial activity or improved transcellular permeation of MTT.
Our observations may, in part, explain the controversial findings in several human bioavailability studies, where diCQAs were absorbed particularly well relative to the amount consumed in coffee or a coffee extract (Monteiro et al., 2007; Farah et al., 2008) . Furthermore, the permeability results from the gastric cell model appear to be validated by evidence from a recent human study, which investigated the concentration of CGAs in human plasma following coffee consumption (Stalmach et al., 2009) (Guy et al., 2009) . The saturation of enzymatic activity would be less likely to occur in vivo due to the abundance of esterase(s) in gastrointestinal tissue (Andreasen et al., 2001 ).
Gastric metabolism of individual CGA classes, other than 5-O-CQA, has never been directly examined before. A small amount of the CGAs were hydrolyzed resulting in a statistically significant increase in free
HCAs. Previous investigation of CQA metabolism in the stomach of rats showed that caffeic acid was the only metabolite detected (Lafay et al., 2006) . We have successfully identified three novel metabolites, and analysis by LC-MS 2 without enzymatic treatment confirmed that isoferulic acid, dimethoxycinnamic acid and ferulic acid are released as a result of gastric metabolism. The precise location of the (inter or intracellular) esterase(s)
was not investigated in the current study. The hydrolysis of the relatively hydrophilic 5-O-CQAs, which are likely to be transported by the paracellular route, would require gastric esterase(s) be located on the apical membrane facing into the lumen. However, we cannot rule out the possibility that esterase(s) may be secreted into the apical (lumen) medium as observed with Caco-2 esterase activity (Kern et al., 2003) or that some caffeic acid was released via intraepithelial hydrolysis. Serine hydrolases may be responsible for the cinnamoyl esterase activity of the gastrointestinal mucosa; these carboxylesterases share similar structural homology and mechanism of hydrolysis with cinnamoyl esterases such as FAEA from Aspergillus niger. Serine hydrolases have been located in mast cells of the small intestine mucosa (Huntley et al., 1985) and more recently mast cells have been characterized in the mouse stomach (Tsuchiya et al., 2009 ). We propose a metabolic pathway (Fig. 6) where the gastric epithelium is the first location for CGA This article has not been copyedited and formatted. The final version may differ from this version. de-esterification and biotransformation, which for the first time is shown to involve methylation but not conjugation of free HCAs.
In conclusion, this study contributes significant knowledge to our understanding of the absorption and metabolic fate of CGAs in the stomach and demonstrated for the first time that multiple CGA classes are transferred intact across the gastric barrier. Gastric absorption and release of metabolites may have direct consequences for potential biological effects and may explain their early appearance in plasma following coffee consumption.
This article has not been copyedited and formatted. The final version may differ from this version. Tables   Table 1. Quantities of chlorogenic acids in coffee solution (9 mg/ml) and corresponding recovery efficiencies. Coffee solution (pH 3) or HBSS (pH 7.4) were spiked with standards and recovery determined after sample deproteination. Values are mean ±SD (n = 5). The recovery efficiency for 5-O-CQA and 3,5-diCQA at pH 7.4
were determined and used as a correction factor for other CQAs and diCQAs respectively. Italic: In the absence of available standards the recoveries of CQALs and DQAs at pH 3 and pH 7.4 were based on the corresponding CQA isomer and dimethoxycinnamic acid respectively. A correction factor for analytical response was used in the quantification of the DQAs; recoveries of feruloylcaffeoylquinic acids and p-coumaroylquinic acids were based on the corresponding diCQA isomer and p-coumaric acid respectively.
